A high-sensitivity temperature sensor based on an in-fiber germanium (Ge) microsphere Fabry-Perot (FP) cavity is presented. The lower melting point of the Ge core compared to that of a silicabased fiber is utilized to fabricate the microsphere at the fiber end as a FP cavity by splicing a Ge-core borosilicate-clad fiber to a single-mode fiber. The Ge-core borosilicate-clad fiber employed is fabricated using a molten core approach with the standard optical fiber draw tower. The large thermo-optic coefficient of semiconductor Ge microsphere cavity gives rise to high temperature sensitivity. Experimental results show that the temperature sensitivity of ∼221 pm/ • C can be achieved as the temperature changes from −40 • C to +50 • C. The proposed sensor also exhibits outstanding stability, with the measurement error and standard deviation within the range ±0.184 • C and 0.0049-0.0155 • C, respectively. The advantages of high sensitivity, outstanding stability and in-fiber cavity make the proposed sensor a potential candidate for temperature sensing applications.
I. INTRODUCTION
FP sensors are strong candidates for optical fiber-based interferometry and are widely used for temperature sensing. They offer inherent advantages [1] - [5] such as simple configuration, small size, and resistance to harsh environments. Depending on the structure of the cavity, optical fiber FP sensors can be classified into two categories [6] , [7] : the first type is constructed by aligning two physically separated pieces of fiber and then bonding them with the housing material to form the FP cavity. In the second type, the FP cavity is fabricated inside the fiber, forming an in-fiber structure. The former case is simple and has various applications in temperature sensing, but suffers from disadvantages such as the difficulty of bonding, high coupling loss, and severe stress in the sensor construction process [8] , [9] . The latter type can overcome the aforementioned problems as the in-fiber
The associate editor coordinating the review of this manuscript and approving it for publication was Zinan Wang . structure has the sensing element in the fiber itself. Several fabrication methods have been proposed based on chemical etching [10] , femtosecond laser micromachining [11] , splicing a short segment of hollow-core fiber between two sections of SMF [1] and arc-discharge technique. Among them, arc-discharge technique has attracted considerable attention because it could offer perfect reflecting surfaces and high mechanical strength of FP sensors. Additionally, the simple fabrication step and low-cost make it one common method. This approach fabricates the FP sensor by splicing a silica capillary or photonic crystal fiber to an SMF and then fusing them to form an in-fiber microsphere as an internal cavity [12] , [13] . In the entire fabrication process, only one step is needed with a fusion splicer. However, the aforementioned FP sensors with the in-fiber microsphere cavity are all based on conventional silica fibers or silica-based microstructured fibers lead to the temperature response sensitivity down from 15 pm/ • C, due to the low thermo-optic and thermal expansion coefficient.
There has been considerable interest in the high-sensitivity optical fiber FP temperature sensor by using semiconductor materials with high thermo-optic coefficients [14] . Attaching the semiconductor layers on the tip of a single-mode fiber is a common method to fabricate this kind of sensors [15] , which suffers complex fabrication steps and difficulty of bonding. The fabrication and development [16] - [18] of semiconductor core optical fibers enables high-sensitivity in-fiber temperature sensors with larger thermo-optic coefficients. For example, Zhang et al. obtained temperature sensitivity of ∼82 pm/ • C using an in-fiber FP sensor based on a silicon core with a silica cladding fiber [19] . However, to fabricate the silicon-based FP cavity by use of arc-discharge technique, high discharge intensity and long discharge time are needed as the melting point of silicon is not significantly lower than silica, which often makes the SMF deform. The deformation of SMF may affect the mechanical strength and light guidance. Compared with silicon, Ge has a lower melting point and much larger thermo-optic coefficient, making Ge-based FP structures excellent candidates for sensing devices [20] .
In this article, a high-sensitivity temperature sensor based on in-fiber semiconductor Ge microsphere FP cavity is presented. The fiber employed was fabricated using a standard optical fiber draw tower. The sensor was fabricated by splicing and fusing the Ge-core borosilicate-clad fiber to a commercial SMF (Corning, SMF-28) to form a microsphere cavity; The SMF remained intact in the entire fabrication process. The relatively high temperature sensitivity was theoretically modeled by presenting the principle of FP sensors and analyzing the thermo-optic effect. The proposed sensor has the advantages of high sensitivity and in-fiber cavity, which is attractive for temperature sensing applications.
II. SENSOR FABRICATION AND THEORY
The Ge-core fiber in our experiments was fabrication using a molten core approach at Clemson University. A 3 mm rod, which was manufactured by drilling into a slab of 99.99% pure, n-type, Ge with an unknown arsenic-dopant concentration (Lattice Materials, Bozeman, MT), was sleeved into a glass tube having an inner diameter slightly larger than 3 mm and outer diameter of 30 mm. To confine the Ge core during the fiber draw, the cladding tube had been pre-drawn in order to collapse and seal one end. The Ge-core fiber was drawn using the Heathway draw tower at approximately 1000 • C. At this temperature, the Ge core is above its melting temperature (938 • C) and the liquid is encapsulated by the softened glass cladding. The fiber had core and cladding diameters of 15 µm and 150 µm, respectively, and were coated to an outer diameter of about 240 µm using a UV-curable acrylate coating to increasing flexibility.
The viscosity decrease of Ge result in the breakup of Ge core into a sphere in the cladding [21] . At low temperature, the highly viscous Ge core remains intact. As viscosity decrease with increasing temperature, surface tension dominates and reshapes the fiber at the core-cladding interface, leading ultimately to the breakup of the core into a sphere. In order to fabricate the microsphere cavity, a SMF and Ge-core fibers, with flat end faces, were inserted into a fusion splicer (Furukawa S179). The splice joint was then moved horizontally so that the both fiber ends aligned the electrode axis. The arc-discharge process offered a wide heating region and an appropriate temperature reaching the melting point of Ge. The discharge intensity and discharge time are 60 ms and 60, which are lower than the corresponding parameters for standard SMF/SMF splice (The discharge time and intensity are 750ms and 100, respective). The shape of the microsphere is reproducible if the parameters of the fusion splicer are determined in a period of time. When the electrode of the fusion splicer is oxidized, the parameters need to be reset. As a result of its low viscosity, the surface tension separated the Ge core into two parts, and shaped the part near the SMF into an in-fiber microsphere cavity at the end of the SMF. The microscope photograph of the proposed sensor is presented in Fig. 1 . The schematic of the proposed sensor system is also included. It is obvious that the mirrors of the FP cavity are composed of the borosilicate-Ge interface and Geborosilicate interface. Interference occurs between the light beams reflected from the borosilicate-Ge interface and that reflected from the Ge-borosilicate interface. The reflectivity of each interface is ∼27%.
The interference in the FP sensor can be approximately regarded as two-beam interference. The intensity of the spectral response can be expressed as [22] 
where I 1 and I 2 denote the intensities of the light beams reflected from the borosilicate-Ge interface and Geborosilicate interface, respectively. ϕis the total phase, which can be expressed as ϕ = 4πnL/λ, where n is the refractive index of the Ge-based microsphere cavity, L and λ denote the cavity length, namely the diameter of the Ge microsphere, and the wavelength of the incident light, respectively. Fig. 2 shows the measured reflection spectra of the Ge-based microsphere cavity shown in Fig. 1 of 20 • C. The free spectral range, λ, can be expressed as
From Fig. 2 , the value of λ at the center wavelength 1590.1 nm and a temperature of 20 • C is ∼6.74 nm. If one takes n = 4.2 [20] and calculate the cavity length to be 44.7 µm, which is quite close to the measurement result of ∼41 µm. This implied that the microsphere cavity is composed of Ge.
When the FP sensor is subjected to temperature variations, n and L will change under the thermo-optic and thermal expansion effects. These cause the interference fringes to shift and can be expressed as [23] λ λ = (
The temperature sensitivity, S T , of the sensor can be written as
where ε is the thermo-optic coefficient and α is the thermal expansion coefficient of Ge, respectively. For Ge, the dependence of the effective refractive index on the temperature can be expressed by the three-term, fourth-order Sellmeier equation [20] 
where the parameters S i and λ i , used to generate an adequately accurate fit to empirical data, are written as According to the Sellmeier equation and the values of S 1 , S 2 , S 3 , λ 1 , λ 2 , and λ 3 given in Table 10 of [20] , thermooptic coefficients ε were calculated in the wavelength range 1570-1620 nm at different temperatures. The results are plotted in Fig. 3 . For pure Ge, considering that the thermo-optic coefficient is two orders of magnitude greater than the thermal expansion coefficient (∼5.7×10 −6 /K), the wavelength shift is mainly caused by the thermo-optic effect. It should be noted the pressure of Ge changes due to the interaction between Ge and the borosilicate cladding in the course of temperature change. This will affect the refractive index of Ge due to the stress-optic effect. Nevertheless, the effect of the stress-optic effect on the refractive index is much smaller than the thermo-optic effect by calculation. Therefore, the stressoptic effect of Ge can also be ignored during wavelength shift. The corresponding temperature sensitivity of the FP sensor was calculated using (3) - (7) , and the results are also shown in Fig. 3 . As expected, the thermo-optic coefficient, hence sensitivity, increases with increasing temperature, at constant wavelength. Conversely, at constant temperature, the thermooptic coefficient, hence sensitivity decreases with increasing wavelength.
III. EXPERIMENTS
Temperature experiments were carried out to verify the feasibility and performance of the proposed sensor. A lightwave multichannel system (8164B, Agilent), including a tunable laser source module (81960A) with wavelength ranging from 1510-1625 nm and an optical component analyzer (81635A), is connected to the two input ports of a 3 dB coupler. The FP sensor is connected to the output port of a temperature control chamber (9170, Fluke) that has an accuracy of 0.013 • C. The minimum testing temperature is −40 • C, limited by the temperature control chamber capability, and the maximum testing temperature is 50 • C, which is sufficient to ensure that at least four fringe minima are available to measure the temperature simultaneously. The temperature was raised in steps of 10 • C, and each temperature was maintained for about 5 min to allow the temperature in the chamber to stabilize. The measured refection spectral of the sensor under test temperatures of −40 • C and 20 • C is shown in Fig. 4(a) . The wavelength increases as the temperature rises. Over the range −40-50 • C, there are four fringe minima (M1, M2, M3, and M4) that can be used for temperature measurements; these occur at wavelengths of around 1573.4 nm, 1580.2 nm, 1587.2 nm, and 1594.4 nm at −40 • C. When heated to 20 • C, the corresponding fringe minima are M1', M2', M3' and M4'. In the signal demodulation, we performed a Fourier transform of the spectrum and created a low-pass filter for filtering noise. Then utilize a centroid approach to obtain the measured fringe minima position [24] . The reflected power and fringe visibility change with temperature and wavelength shown in Fig. 4(a) . That is because the absorption of Ge changes with temperature wavelength. Specifically, an increase in temperature can increase the absorption of incident light. At same temperature, lower wavelength corresponds to strong absorption. Although the reflected power and fringe visibility are various, the wavelength peak can still be obtained by centroid method. Fig. 4(b) shows the measured wavelengthtemperature relationship for the four fringe minima. Linear fitting is used to determine the relationships between the wavelength changes and set temperature values for the sensor, with an R-squared value of 0.99907. Based on the slope of the fitting curves, the temperature sensitivities of the four minima are 228.6 pm/ • C, 228.8 pm/ • C, 225.3 pm/ • C and 221.9 pm/ • C, respectively. These values are within the range of the theoretical results shown in Fig. 3 . Additionally, longer wavelength minima produce lower temperature sensitivity. This tendency of the temperature sensitivity also reflects the predictions made by the theoretical analysis in [20] , [23] . The relationship between the measured refractive index (at M2 and M3) and temperature is achieved and shown in Fig. 5 . It is obviously that the refractive index increases with the increase of temperature, which is also in accord with theoretical analysis.
For temperature sensing based on an in-fiber FP cavity, sensitivity and sensing range are two very important indicators to evaluate the performance. A comparative table is given in Table 1 , which compares the performances of our sensor with that of previously reported ones with similar designs. If only M1 is used for demodulation, the maximum testing temperature is 100 • C limited by the wavelength ranging of the lightwave multichannel system. It can be seen that the sensing range our sensor is medium but the sensitivity is the highest. It should be noticed that with the decrease of temperature, the absorption of Ge will increase in the near infrared band. Therefore, higher spectral contrast can be achieved at low temperature. In addition, Ge has a higher thermo-optic coefficient compared with silicon at low temperature. These characteristics make our sensor a potential candidate for lowtemperature sensing applications.
To investigate the stability of the sensor over the temperature range from −40-50 • C, the chamber temperature was first fixed at −40 • C in time duration of 100 minutes and the reflection spectrum was recoded in every 10 minutes. Repeat the above operation when temperature was changed in steps of 10 • C from −30-50 • C. The experimental results from M1 to M4 are shown in Table 2 . For the four minima, the measured temperature errors are within ±0.184 • C. The standard deviation (SD) of the temperature errors is within the range 0.0049-0.0155 • C. These test results indicate the outstanding stability of our sensor.
IV. CONCLUSION
We have proposed and demonstrated a temperature sensor based on an in-fiber semiconductor germanium microsphere FP cavity. The microsphere cavity is formed by splicing the SMF and Ge-core fiber using a fusion splicer. The SMF remained intact in the entire fabrication process; this provides outstanding mechanical strength and light guidance. The proposed sensor exhibits a high temperature sensitivity of ∼221 pm/ • C the temperature range from −40 to +50 • C, which is about three times larger than the formerly reported results based on semiconductor silicon core with a silica cladding fiber. The proposed sensor also exhibits outstanding stability, with the measurement error and SD within the range ±0.184 • C and 0.0049-0.0155 • C, respectively. The advantages of high sensitivity, outstanding stability and in-fiber cavity make the proposed sensor a potential candidate for temperature sensing applications. 
